The collective chemosensing of nonexcitable mammalian cells involves a biochemical network that features gap junction communications and heterogeneous single cell activities. To understand the integrated multicellular chemosensing, we study the calcium dynamics of micropatterned fibroblast cell colonies in response to adenosine triphosphate (ATP) stimulation. We find that the cross-correlation function between the responses of individual cells decays with topological distance as a power law for large colonies and much faster for smaller colonies. Furthermore, the strongly correlated cell pairs tend to form clusters and are more likely to exceed the percolation threshold. At a given topological distance, the cross-correlations exhibit characteristics of Poisson distributions, which allows us to estimate the unitary conductance of a single gap junction which is in good agreement with direct experimental measurements.
The collective chemosensing of nonexcitable mammalian cells involves a biochemical network that features gap junction communications and heterogeneous single cell activities. To understand the integrated multicellular chemosensing, we study the calcium dynamics of micropatterned fibroblast cell colonies in response to adenosine triphosphate (ATP) stimulation. We find that the cross-correlation function between the responses of individual cells decays with topological distance as a power law for large colonies and much faster for smaller colonies. Furthermore, the strongly correlated cell pairs tend to form clusters and are more likely to exceed the percolation threshold. At a given topological distance, the cross-correlations exhibit characteristics of Poisson distributions, which allows us to estimate the unitary conductance of a single gap junction which is in good agreement with direct experimental measurements. Biological systems use self-organized biochemical networks to make decisions in response to environmental cues and, in particular, to chemical stimuli [1] . At the single cell level, for instance, signaling pathways that involve tens of proteins and ribonucleic acids (RNAs) determine cell differentiation [2] and cell cycle [3] . When intercellular signaling is present, these pathways extend to the multicellular scenario where each cell type plays distinct roles to form subnetworks in a given regulatory circuit [4, 5] . However, there is an underappreciated aspect of multicellular networks: when many cells of the same type form a colony and sense biochemical perturbations, the single cell responses are coupled by intercellular communications, which in turn generate integrated responses that can involve the entire population. These processes, which we termed collective chemosensing [6] , have been studied to date mostly in prokaryotic cells [7] .
Upon chemical stimulation, bacteria and eukaryotic cells such as Dictyostelium discoideum employ intercellular ''quorum sensing,'' which leads to positive feedback between the cells and the messenger molecules [8] . This mechanism allows the population behaviors to be characterized as reaction-diffusion systems [9] . However, the corresponding multicellular dynamics of mammalian cells are much different [6] . In this case, the collective response of a cell colony to chemical stimuli features heterogeneous responses of individual cells linked by nearest-neighbor communications. As a result, it is necessary to develop statistical tools to understand the spatial-temporal dynamics underlying the network of collective chemosensing.
In this Letter, we report the self-organized network responses of (nonexcitable) mammalian cells to chemical stimuli. Our experimental system consists of a high density of fibroblast cells growing on two-dimensional substrates. We stimulate the cell colonies using different concentrations of adenosine triphosphate (ATP), which is a common signaling molecule that orchestrates various multicellular functions such as platelet aggregation [10] and vascular tone [11] . When P2 receptors on the cell membrane recognize ATP molecules, they release the second messenger inositol trisphosphate (IP3), which activates ion channels of the endoplasmic reticulum calcium stores and generates transient calcium oscillations in the cell cytoplasm [12] . We monitor these calcium dynamics using fluorescent indicators. At the same time, cells that are physically in contact form gap junctions through their membranes, which allow intercellular communication by rapidly exchanging small molecules such as Ca 2þ and IP3 [13] . Although we use fibroblast cells as our model, P2 receptors are expressed almost universally in mammalian tissues [14] . Since similar calcium dynamics takes place in many cell types and regulates crucial physiological functions such as apoptosis [15] and inflammation responses [16] , our model system is representative of a large category of biochemical signaling networks.
To explore the underlying statistical principles of collective chemosensing by mammalian cells, we developed a flow device combined with micropatterning of cells (Fig. 1) . Briefly, cleaned glass cover slips were coated with a protein-repellent layer (interpenetrated gel of acrylamide and polyethylene glycol) [17] . Then we used photolithography methods and an air plasma treatment to locally etch the protein-repellent gel [18] so that glass cover slips were patterned with antiadhesive gel and plain glass squares. In the last step we grafted proteins (gelatin) onto the plain glass patches. The treated cover slips were then sealed with polydimethylsiloxane (PDMS) channels using plasma bonding [ Fig. 1(a) ].
NIH 3T3 fibroblast cells were trypsinized and suspended in growth medium (Dulbecco's modified Eagle medium
week ending 12 APRIL 2013 supplemented with 10% calf bovine serum and 1% penicillin, ATCC) before injecting into flow channels. The filled channels were incubated at 37 C and 5% CO 2 for 24 h and then washed with growth medium to remove nonadhering cells. These steps left the cells that were growing on gelatin-coated patches to form high density ($1000 cells=mm 2 ) colonies of desired geometry, including square patches, which we will refer to by their edge dimensions (100-300 m), and continuous sheets covering the whole surface. After washing, we loaded calcium indicators (Fluo-4, Invitrogen) into the cells and mounted the devices on an inverted microscope (Leica SP5 confocal) for fluorescent imaging at 1 frame per sec with a 20 Â oil immersion objective (numerical aperture ¼ 0:7) [19] .
ATP solutions of concentrations from 10 to 100 M were delivered by a syringe pump at a flow rate of 60 L=min. The flow rate was chosen to deliver ATP across the field of view within 2 sec while minimizing the flow perturbation to the cells. Cell locations were manually identified and homemade MATLAB image processing programs were used to obtain the response curves fR i ðtÞg of individual cells' average fluorescent intensity, which represent the calcium dynamics at the single cell level [ Fig. 1(b) ]. We note that there were small transient calcium elevations due to switching on the flow, which relaxed quickly before the ATP arrived. We remove this section of the response curves in our analysis [6] . [20] . For each pair of cells i and j with response curves R i ðtÞ and R j ðtÞ, we can calculate their dimensionless cross-correlation C ij :
here, _ R i ðtÞ ¼ dR i ðtÞ dt is independent of the basal level fluorescence and T typically span 700 frames [21] . Also, the time average of _ R i ðtÞ can be neglected, i.e., 
because for most cells calcium concentrations relaxed to the initial level at the end of each experiment [ Fig. 1(b) ]. The cross-correlation C ij measures the level of synchronization which receives positive contributions from persistent, in-phase calcium oscillations of the cell pair fijg. For cell pairs of a given topological distance, their crosscorrelations are broadly distributed with non-Gaussian characteristics [ Fig. 2(b) ] [22] . The shape of the distribution differs dramatically from typical excitable neural networks, where nearby cells communicate through strong-sparse and weak-dense links [23] . Although the cross-correlations exhibit large fluctuations, the distributions of C ij shift to lower values at increasing topological distances Fig. 2(b) ]. To quantify this observation, we define the mean cross-correlation CðdÞ as CðdÞ ¼ hC ij i Dði;jÞ¼d ;
which averages over all pairs with topological distance d. For a continuous monolayer, moderate ATP concentrations (20-100 M) generate multiple calcium spikes for each cell and the mean cross-correlation CðdÞ slowly decays at larger topological distance [ Fig. 2(c) ]. At much lower concentrations of ATP (<10 M), only a fraction of cells have significant calcium spikes [6] , while the pair correlations near threshold (½ATP ¼ 10 M) quickly decay to a small residual value, which is likely because we simultaneously stimulated all the cells in the field of view. To further confirm the role of intercellular communications, we treated the cell sheets with palmitolic acid (pacid, 400 M, 10 min) to inhibit the gap junctions [24] . In this case, pair correlations are suppressed significantly and rapidly decay to the basal level [ Fig. 2(c) ].
The existence of long-range correlations as indicated in Fig. 2(c) usually implies a strong dependence of system size. Indeed, although the correlations of 300 m colonies (containing $130 cells) behave similarly to a continuous monolayer, the response starts to deviate significantly when the colony sizes are reduced to 100 m [ Fig. 2(c) ]. We suspect this qualitative change of the correlation behavior is linked to an underlying length scale at about 100 m or 3-5 times the typical cell size. To better characterize the slowly decaying correlations with topological distances, we find they can be fit well with power-law functions CðdÞ ¼ ad Àb where we have been able to vary d over about a factor of 7 [ Fig. 2(d) ]. To our knowledge, the long-range correlation of the individual chemical responses has not been reported before for nonexcitable mammalian cells.
Although the correlations in chemical responses between the nearby cells are heterogeneous [ Fig. 2(b) ], underlying spatial structures can be revealed through comparison with their reference random network. For each experiment where cell locations in a colony (either continuous or of finite size) are known, we construct a reference Erdös-Rényi graph (ref) [25] by randomly linking qN cell pairs with topological distance D ¼ 1. Here, N is the total number of nearest neighbors and 0 < q < 1 is a cutoff fraction. The corresponding experimental graph (exp) is then constructed by selecting the strong correlators. In particular, we rank all of the nearest neighbor pairs according to their cross-correlations and link the top qN pairs. With this construction, each cell belongs to a connected cluster that contains s cells, s ! 1 [26] .
Now an important question can be asked: Are strong correlators randomly scattered in the cell colony, or do they tend to cluster together? To answer the question, we evaluate the probability Pðs > xÞ, or simply PðxÞ, of a cell belonging to a connected cluster of size s (number of cells) bigger than x. Without loss of generality, we choose the cutoff fraction q ¼ 0:15. For reference, P ref ðxÞ only depends on the cell density and colony size, and exponentially decays as a function of x (Fig. 3, solid curve) . The results for experimental graphs P exp ðxÞ deviate systematically from P ref as shown in Figs. 3(b) and 3(d). For a continuous monolayer, the strongly correlated cells tend to be in bigger clusters but are less likely to be in small fragments compared to the reference network. The crossover cluster size, at around x % 4, only weakly depends on the ATP concentrations [ Figs. 3(a) and 3(b) ] [27] . The same observation holds for finite size colonies, which also demonstrate a nontrivial dependence on system size: larger colonies are correlated with higher probabilities of forming big clusters [Figs. 3(c) and 3(d) ]. Choosing different cutoff fractions q does not change these qualitative trends [28] .
To understand the spatial organization of strongly correlated pairs, it is helpful to calculate the percolation threshold of the network: the degree k, which is the number of links connected to a cell, has its distribution determined by the intrinsic network properties and the cutoff q. If we follow a link from cell i to j, the average degree of cell j is ¼ hk 2 i hki , the ratio of the second moment and the first moment of the degree distribution. If the cutoff q is larger than a percolation threshold q t , we have > 2. In this case we can follow the link to a next cell and continue the process so that there exists a percolating cluster whose size scales with the total number of cells forming the network [29] . For the continuous monolayers stimulated by moderate concentrations of ATP (20-100 M), we found the percolation threshold is q t % 0:1, while their reference graphs have q t > 0:2 [30] . Thus, we conclude that the self-organized networks of collective chemosensing tend to form large clusters by relaying strong correlations.
As shown in Fig. 2(b) , the distribution of pair crosscorrelations are far from Gaussian. In fact, the mean C ¼ avg½C ij Dði;jÞ¼1 and variance var½C ij Dði;jÞ¼1 of nearest neighbors' cross-correlations all fall on the same line as shown in Fig. 4 (filled symbols) . This result means that the ratio var½C ij avg½C ij is a fundamental quantity independent of ATP concentrations and colony sizes. The fact that the variance is proportional to the mean usually implies an underlying Poisson process [31] . Therefore, we hypothesize that the number of gap junctions formed between nearby cells follows a Poisson distribution. With this assumption, the elementary contribution c 0 % 0:3 of each gap junction to the cross-correlation is determined by the slope of the line in Fig. 4 [32] .
For simplicity, we consider only IP3 communications through a single gap junction, which weakly affect the paces of each cell's transient calcium oscillations. We expect the elementary correlation c 0 is then a function of the cell volume V, the unitary conductance k of a single gap junction (number of IP3 molecules transported per unit time and unit concentration difference), and the typical frequency ! 0 of the calcium oscillation. Using only these physical ideas, from dimensional analysis we expect
Here, is a numerical prefactor of order 1, V$ 2 Â 10 À7 mm 3 , ! 0 $ 0:05 Hz [6] , and % 1, as we have confirmed by extending a calcium-IP3 model [33] with gap junction communications [34] . Using Eq. (4), we estimate the unitary conductance of each gap junction to be k $ 3 Â 10 À9 mm 3 =s, which agrees well with direct experimental measurements [35] .
The variances and means of larger topological distances also fall on the same line [1 < Dði; jÞ < 7; Fig. 4 , empty symbols]. We hypothesize that effective communication is established between non-neighboring cells due to the longrange correlations. Thus, smaller
CðdÞ at larger d can be understood as a decrease in the number of effective communicating channels at larger d.
In this Letter, we have discussed the network characteristics of collective chemosensing by fibroblast cells exposed to external ATP stimuli. By combining micropatterning and microfluidics, we investigated the effects of both stimuli concentrations and cell colony sizes. We find the cross-correlation function between the responses of individual cells decayed with topological distance as power law for large colonies and much faster for smaller colonies. The exponentials of the power-law decay [ Fig. 2(d) ] fall in a similar range as those reported for bacteria suspension [36] and flocking birds [37, 38] . By comparing with random networks, we found strongly correlated cell pairs tend to form clusters and statistically are more likely to exceed the percolation threshold, which could lead to clusters that scale with the size of the system. At a given topological distance, the cross-correlations exhibit characteristics of Poisson distributions, where the ratio of the mean and variance are independent of ATP concentration and cell colony size. This result allows us to estimate the conductance of a single gap junction, which is in good agreement with direct experimental measurements. Our study highlights the rich spatiotemporal structures that are built into the self-organized networks of nonexcitable mammalian cells. These results help to understand the information encoding and signal transduction in multicellular organisms, which regulate a broad range of physiological functions such as tissue remodeling and immunological responses.
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